For the first time within a multi-angle computational framework we investigate the time evolution of neutrino halo effects on collective neutrino oscillation (CNO) in an iron core-collapse supernova. For the collapse of the 9.6 M progenitor employed in this work, we find that there is a window of time where one can safely calculate CNO including the neutrino halo effects due to the density gradient of the envelope. The impact of inward-scattered neutrino flux on CNO can not be ignored inside the shock front, compared with the outward-propagating neutrino flux. However, there is a window of time where CNO is not shut down by multi-angle matter suppression and delayed in onset beyond the radius of the growing shock front. Halo neutrinos with wider intersection trajectories induce a delay for the onset radius of CNO, while they produce additional flavor conversion for neutrino spectra. This additional flavor conversion sharpens CNO spectral features, leading to a detected neutrino signal which is more clearly distinguishable from thermal emission than when halo neutrinos are omitted.
For the first time within a multi-angle computational framework we investigate the time evolution of neutrino halo effects on collective neutrino oscillation (CNO) in an iron core-collapse supernova. For the collapse of the 9.6 M progenitor employed in this work, we find that there is a window of time where one can safely calculate CNO including the neutrino halo effects due to the density gradient of the envelope. The impact of inward-scattered neutrino flux on CNO can not be ignored inside the shock front, compared with the outward-propagating neutrino flux. However, there is a window of time where CNO is not shut down by multi-angle matter suppression and delayed in onset beyond the radius of the growing shock front. Halo neutrinos with wider intersection trajectories induce a delay for the onset radius of CNO, while they produce additional flavor conversion for neutrino spectra. This additional flavor conversion sharpens CNO spectral features, leading to a detected neutrino signal which is more clearly distinguishable from thermal emission than when halo neutrinos are omitted. 
I. INTRODUCTION
Neutrinos are intensively emitted from supernovae and have the potential to carry with them information on the central properties of the explosion [1] [2] [3] [4] [5] [6] [7] [8] . Kamiokande-II and Irvine-Michigan-Brookhaven detector detected eleven and eight neutrinos, respectively, from SN1987A which emerged in the Large Magellanic Cloud [9, 10] . This observation indicated the importance of neutrinos in core-collapse supernovae (CCSNe) [11] . However, there are still many open questions in supernova physics. We do not completely understand what happens in the core of exploding stars. Central densities are sufficient to trap even neutrinos, which then diffuse and are emitted from the proto-neutron star at the core. The energy spectra for different lepton flavors of neutrinos depend sensitively on the equation of state of nuclear matter in the emission region. More precise models of neutrino emission and flavor transformation enable us to enrich our understanding of CCSNe. Current and future neutrino detectors expect that several thousands of neutrino events may be observed from a galactic signal (e.g., [12] ). In this case, we will obtain detailed time evolution of the neutrino spectra. This information is expected to reveal many properties inside CCSNe and, hopefully, enable us to test our current understanding of the yet-uncertain * mzaizen@astron.s.u-tokyo.ac.jp supernova physics (e.g., [13] ).
However, we can not get original neutrino spectra directly from observation without accounting for neutrino oscillations. Neutrinos from CCSNe undergo flavor conversions and mixed states arrive at the Earth [14] [15] [16] . First, neutrino oscillation in vacuum is a SU (3) oscillator system typically parameterized by two mass-squared differences, three mixing angles, and a complex phase. With the exception of the complex phase, these parameters are currently well-known thanks to the hard work of many neutrino experiments (see summary in Ref. [17] ). Furthermore, neutrinos undergo flavor conversion with background matter described by the Mikheyev-SmirnovWolfenstein (MSW) effect which occurs at two typical electron densities [18, 19] . These two types of neutrino oscillation are linear effects and can easily be grasped in solar and atmospheric neutrino probes. On the other hand, a third phenomenon becomes potentially dominant in CCSNe which is triggered by neutrino-neutrino coherent forward scattering interactions in the high neutrino flux regions near the proto-neutron star. Known as collective neutrino oscillation (CNO), neutrinos propagating on intersecting trajectories develop quantum coherence in their flavor oscillation with adjacent neutrinos. While this process has been studied intensively for more than a decade, the non-linear nature of the phenomenon makes the outcome of flavor oscillation impossible to predict without computational modeling. One of the known outcomes of CNO is a peculiar behavior, called a spectral split or swap, where the neutrino spectra exhibit flavor exchange only above a critical energy; this behavior is not seen in linear effects [20] .
The neutrino-neutrino coherent forward scattering interaction depends strongly on the relative trajectories of intersecting neutrinos. Treatment of CNO often employs the multi-angle approximation, which considers polar angular distributions of emitted neutrinos in detail. Neutrinos along different trajectories are forced to synchronize into coherent oscillation modes by the self-interactions and maintain coherence among different angular paths. On the other hand, this trajectory dependence enhances matter-induced decoherence. Background electrons cause the phase dispersion due to the travel distance difference. This phenomenon is called multi-angle matter suppression, and it weakens CNO [21] . It does not occur under the single-angle approximation which ignores angular dependence of neutrino wave function. The competition between the neutrino self-interaction and the matter-induced phase dispersion is important under realistic supernova environments [22] [23] [24] [25] .
These interesting features are based on the "bulb model", which imposes many assumptions on neutrino emissions and background environments. Recent studies have revealed that symmetry breaking can enhance new behaviors of CNO [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Some of these instabilities can overcome the multi-angle matter suppression and may have large influence on observed neutrino spectra. However, few detailed calculations using realistic supernova models have been performed due to the numerical complexity.
Many groups have extended the bulb model and tackled CNO. For example, Cherry et al. suggested that some of the neutrinos experience a direction-changing scattering with nucleon/nucleus outside the neutrino sphere [26, 27] . These scattered neutrinos produce a "halo" flux of neutrinos with large intersection angles with outgoing neutrinos and may have a large impact on the neutrinoneutrino interaction. Especially, the authors pointed out that inwardly scattered neutrinos can destroy the bulb framework and produce numerical obstacles under some circumstances. The inward-going flux depends on the background matter density and composition, integrated over the interior of the entire CCSN envelope. The previous work employed an electron capture CCSN model whose density profile steeply drops at r > 1000 km. Thus, the inward halo flux decreases outside the steep density gradient, and CNO with bulb+halo model was able to be performed safely. Ref. [28] investigated including the inward-scattered neutrinos self-consistently within simplified CNO calculations. The authors showed that main features in CNO with single-angle approximation, which averages neutrino states with different angular modes, are maintained under the inclusion halo flux by searching for a relaxation solution under the assumption of a static total neutrino flux.
In this paper we perform the first ever study of CNO in an iron-CCSNe which includes the halo flux in a multiangle solution framework. For completeness we compare the results of our full calculation ('with halo'), one which omits halo neutrinos scattering ('no halo'), and the results of neutrino emission which omits CNO entirely ('no CNO') in order to evaluate the time evolution of the signal and the event rates observed by neutrino detectors. Our principle finding is that the presence of the halo neutrinos enhances the detectability of CNO spectral features.
In section II, we introduce our calculation method and employed supernova model. We present the results of halo distribution, flavor conversions, and detectability in section III. Finally we summarize the conclusions of our study in section IV.
II. NUMERICAL SETUP A. Supernova model
We perform a two-dimensional (axi-symmetric) CCSN simulation with a 9.6 M zero-metallicity model (Z9.6) provided by A. Heger (2017, private communication, this model is a extension of Heger et al. 2010 [39] toward the lower mass). This progenitor is a non-rotating star and has an iron-core in the center, different from O-Ne-Mg progenitor used in previous work [27] . The hydrodynamical simulation is performed by 3DnSNe code (recent application reference [40, 41] ), and we show a selection of results for the electron density profile along the north polar direction at 86 ms, 136 ms, and 186 ms in Figure 1 . This two-dimensional simulation is computed on a spherical polar coordinate with spatial resolution of (N r , N θ ) = (512, 128). This radial grid covers from the center to an outer boundary of 5000 km. A piecewise linear method with geometrical correction is used to reconstruct variables at the cell edge, where a modified van Leer limiter is employed to satisfy the condition of total variation diminishing (TVD) [42] . The numerical flux is calculated by HLLC solver [43] . We adopt the equation of state by Lattimer & Swesty with incompressibility of K = 220 MeV [44] . Figure 2 represents the time evolution of neutrino luminosities L ν , averaged neutrino energies E ν , rms energy E 2 ν , and shock radius. In these neutrino properties, ν X means nonelectron type neutrinos ν µ ,ν µ , ν τ , andν τ . We approximate neutrino spectra on the surface of neutrino sphere by a gamma distribution [45] [46] [47] :
where Γ ξ+1 is the Gamma function. This ξ is a pinching parameter given by
This shock radius also shows the evolution of multidimensionality. The radius of shock wave is almost spherically symmetric before t pb ∼ 100 ms (with t pb the postbounce time) while two dimensionality evolves and difference between maximum and minimum shock radius emerges after t pb ∼ 100 ms.
B. Collective neutrino oscillation
The flavor conversions including CNO are performed by using the bulb model as a starting point [20, 48, 49] , and extending the formalism to include halo neutrinos [27] . The traditional bulb model requires uniform and isotropic neutrino emissions under environments depending only on radius r. Neutrino states are simply given by a density matrix ρ(r; E, θ) with neutrino energy E and angular mode θ at a radius r. Equations of motion for a density matrix ρ ν in a steady state are
where U is the Pontecorvo-Maki-Nakagawa-Sakata matrix [50] , M 2 is a neutrino mass square matrix, G F is the Fermi coupling constant, and L is diag(1, 0, 0). The radial velocity v r,u with an angular mode u is defined as
where θ R is an emission angle relative to the radial direction at the neutrino sphere. We assume axial symmetry on the neutrino trajectories, that is, we neglect the multi-azimuthal angle effect [29] . This symmetry breaking appears only in the normal mass ordering and the directional azimuth-angle distribution does not affect the flavor conversions in the inverted mass ordering [31, 34, 51] . We describe the flavor difference with polarization vectors P and P in solving the equation of motion numerically. This three-flavor formalism is based on Ref. [25, 49] . We calculate CNO along the northern pole direction of the two-dimensional iron-CCSN model. In this work, we choose the following neutrino parameters as in Ref. [17] : ∆m 2 21 = 7.37 × 10 −5 eV 2 , ∆m 2 31 = 2.54 × 10 −3 eV 2 , sin 2 θ 12 = 0.297, sin 2 θ 13 = 0.0216, and CP-violation phase δ = 0. We consider only the inverted mass ordering case ∆m 2 31 < 0 because CNO is suppressed for the normal mass ordering case in our calculations. We introduce the rotated state,
not the ordinary state (ν e , ν µ , ν τ ) in the following calculations. This rotation does not affect the electron-type neutrinos, and enables us to understand the three-flavor framework as the combination of two-flavor problems, ν e ↔ ν y and ν e ↔ ν x . The three-flavor effects associated with ∆m 2 21 and θ 12 arise from flavor symmetry condition on the total neutrinos fluxes for each flavor, Φ α = L να / E να , such that Φ νe Φν e Φ νx , and cause ν e ↔ ν x conversion [51] [52] [53] . These effect can emerge even in the normal mass ordering, but neutrino number fluxes in Figure 2 do not satisfy the symmetry condition. Therefore, ν e ↔ ν y conversion is dominant in our calculation.
C. Neutrino halo
Inclusion of the neutrino halo effect within the framework of CNO calculations has received a renewed burst of attention [28, 54] due, in part, to the recent direct detection of coherent enhancement of elastic neutrinonucleus scattering by the COHERENT experiment [55] . This result has placed the presence of the neutrino halo within CCSNe on firmer theoretical ground than CNO itself, as ν − ν coherent forward scattering has not yet been directly observed.
The enhanced neutrino-nucleus interaction cross section, first calculated by Tubbs and Schramm [56] , is isotropic and thus responsible for redirecting a portion of the neutrino flux emitted during a CCSN along all trajectories within the envelope of the exploding star. The magnitude of the population of halo neutrinos created by this scattering process is ∝ A, the nuclear mass number of nuclei within the envelope, which is in turn due to the ∝ A 2 scaling of the coherently enhanced cross section combined with the ∝ A −1 scaling of the density of atomic nuclei. For CCSNe which arise from iron-core progenitor stars (estimated to be ∼ 70% of the galactic population [57] ), the magnitude of the halo effect is proportionately larger than the previously studied O-Ne-Mg core collapse case. To accommodate the increased magnitude of the halo effect for the Z9.6 CCSN simulation, we have adapted the approach of [27] to include a thorough set of safety checks prior to conducting a full CNO calculation.
To begin with we define the quantities,
and
which are the ν − ν Hamiltonian contributions for a radially directed neutrino from outward directed neutrinos and inward directed neutrinos, respectively. Equations (9) and (10) can be evaluated explicitly under the assumption that the neutrino density matrices ρ ν andρ ν are flavor diagonal, i.e. in the absence of neutrino flavor transformation, for all points within the CCSN envelope. With these constructions we can quantify the amount of ν − ν flavor transformation Hamiltonian "weight"which is flowing inward vs. outward. This is a critical step in implementing multi-angle CNO with the inclusion of the halo population [27] , as inward directed neutrinos cannot be accommodated by the numerical methods presently available (although considerable progress has been made toward rectifying this issue for single-angle CNO calculations [28, 54] ).
To create a quantitative metric on the suitability of our multi-angle CNO calculations, we require that the ratio H in /H out be less than 10% at all radii along which we solve Equation (3). This guarantees that the portion of the halo population which cannot be included in the multi-angle CNO calculations is, at most, a sub-leading order contribution to H E,u . Mapping the ratio H in /H out for all points within the envelope is the first step in our safety checks. The second step is to check that the flavor diagonal condition used in evaluating Equations (9) and (10) is valid up to the radius at which we begin the CNO calculation. Beneficially, the large matter densities in the inner regions of the CCSN envelope suppress neutrino flavor conversion at small radii. To establish the maximum radius at which we can perform our full CNO calculation, we perform a CNO calculation which omits the halo neutrinos. The results of this calculation are suffi- cient to establish the initial radius, r init , below which the flavor diagonal assumption is valid due to matter density suppression of CNO.
The final preparatory step we take is to verify that both of the above conditions are satisfied simultaneously along the trajectory where we calculate CNO. While the ratio H in /H out may grow larger than 10% at some radii along a given trajectory, so long as those locations are within the region of matter suppression of CNO we consider the effects of the halo neutrino population on flavor conversion to be negligible. Under the condition that H in /H out < 10% at all radii greater than r init we consider a trajectory safe for the full calculation of CNO including all radially emitted neutrinos and outward directed halo neutrinos. 
III. RESULTS

A. Magnitude of Halo
We show density profile and halo contribution at 86 ms, 136 ms, and 186 ms in Figure 3 .
This halo contribution expresses the ratio H in /H out of the self-interaction Hamiltonian of inward contribution to outward one. We can not neglect inward-scattered neutrino flux in an region where this ratio exceeds 10%. This dangerous region especially expands over the whole map at 186 ms. However, we find an escape route along 45 degree direction. This gap is produced by two-dimensional density structure and neutrino flux distribution.
Comparing this region with the density profile, we find that the halo contribution is larger inside the shock wave and it steeply becomes smaller outside it. This feature is similar to the steep density gradient in a O-Ne-Mg CCSN. Therefore, the density gradient of the shock wave has the same effect as the envelope density gradient in O-Ne-Mg CCSNe. We can calculate CNO safely, ignoring inwardgoing neutrino flux outside the shock wave. In this case, we replace the neutrino sphere R ν with a neutrino-halo sphere R H as an emission source. The radius of neutrinohalo sphere almost corresponds to the shock wave location and the flavor conversion does not occur inside this neutrino-halo sphere. Using this bulb+halo model, we investigate the impacts of outward-going neutrino flux on CNO signals.
B. Halo effects on flavor conversion
In our model, the shock wave propagates outward within the occurrence region of CNO. This propagation varies the density structure in this region as time passes, and the behaviors of the multi-angle matter suppression change. We show the time variation of density profile along the north polar direction at 86 ms, 136 ms, and 186 ms in Figure 1 . CNO at 186 ms is completely suppressed due to matter effects. We first show results at 86 ms and 136 ms. Figure 4 shows the radial evolution of the survival probability of electron neutrinos averaged over energy and angular mode at 86 ms and 136 ms. At 86 ms, the shock wave is located at r ∼ 200 km and CNO occurs outside the shock wave in the no-halo case. The electron density gradually decreases with increasing radius, and flavor conversions occur at r ∼ 400 km.
In the with-halo case, the onset of flavor conversion is clearly delayed. The with-halo case suggests that the neutrino halo gives additional multi-angle matter suppression for CNO. The matter suppression is induced by the phase dispersion due to the different neutrino trajectories. The maximum value of intersection angle in the no-halo case depends roughly on the inverse square of the radius at a distance r R ν . On the other hand, halo components have broader angle distribution and give additional phase dispersion. Halo neutrinos with wide angles strengthen the multi-angle matter suppression, and the onset radius of CNO is delayed.
At 136 ms, there is no difference between oscillation radius in the no-halo case and the with-halo case. The shock wave is located at r ∼ 430 km at this time snapshot. Neutrinos get free from the matter suppression just after propagating through the shock wave, and CNO suddenly occurs. This feature does not change even in the with-halo case. Therefore, the onset radius of CNO is same as in the no-halo case, different from at 86 ms.
Second, we present calculation results of CNO in the no-halo case and the with-halo case at 136 ms as a representative snapshot. Figure 5 shows the survival probability contour maps on energy-impact parameter plane after the CNO ceases at r = 1200 km.
The left panels in Figure 5 are results in the no-halo case and the right ones are in the with-halo case. The top panels show the results for ordinary neutrinos and the bottom ones are for antineutrinos. The vertical axis expresses the impact parameter b = r sin θ R of emitted neutrinos from neutrino sphere/neutrino-halo sphere which terminates at r = R H . Emissions with impact parameter beyond the radius of proto-neutron star, 30 km, correspond to the contribution from neutrino halo. The survival probabilities for neutrinos in the no-halo case clearly predict spectral splits as shown in the previous works [58] . In the with-halo case, halo contributions give additional flavor conversions above the low impact parameter region. These additional oscillations deform the neutrino spectra and affect the detection at the Earth. Figure 6 shows the angle-averaged neutrino spectra after CNO ceases at r = 1200 km. Left panels are the nohalo case and right panels are the with-halo case. Additional flavor conversion above ∼ 10 MeV occurs, in both neutrinos and antineutrinos. This feature corresponds to the survival probability contour map in Figure 5 . However, it does not appear to match over low energy range below ∼ 10 MeV for antineutrinos. Halo components in this region show almost complete flavor conversions. This shift in the flavor transformation pattern is due to the redistribution of halo neutrinos to wider angles.
C. Detectability
We find that multi-angle matter suppression prevents CNO at early and late times, with the exception of a window from t pb = 70 ms to t pb = 170 ms during the shock revival epoch of the explosion. There are two salient questions we would like to answer with regards to the resultant neutrino signal for the Z9.6 simulation: (1) Can we detect the onset / end of CNO within the received signal? (2) What impact, if any, does the inclusion of the neutrino halo in the CNO calculation have on the received signal?
To address these two questions, we have taken several limiting cases for fluxes of neutrinos generated by our flavor transformation calculations, one including matter effect only (no CNO), one including radially emitted neutrinos only (no halo), and radially emitted neutrinos including the outward directed halo neutrinos (with halo), and used the SNOwGLoBES software package [59] to model the detected signal corresponding to several time snapshots of the explosion. We have chosen to compare event rates for inverse beta-decay (IBD) in SuperKamiokande (assuming the detector has completed doping with Gd, allowing for the tagging of IBD events), and ν e − 40 Ar capture in a 40 kt liquid argon (LAr) detector, projected to be similar to the DUNE. Our reasoning behind considering the IBD rate in Super-Kamiokande (SK) rather than the event rate in the proposed HyperKamiokande (HK) detector is driven by our interest in the spectral distortions created by CNO signals. HyperKamiokande will have a fiducial mass of 190 kt of water, compared to Super-Kamiokande's fiducial mass of 22.5 kt, which will dramatically increase the total number of neutrino events observed by HK relative to SK and make HK considerably more sensitive to fast time variations of the SN neutrino burst. However, because the HK detector will not be Gd doped it will not be able to identify IBD events uniquely. The events observed by HK will be a convolution of all neutrino detection channels (both capture and elastic scattering) for all flavors of neutrinos. Because CNO signals are typified by spectral swaps between neutrino flavors a single flavor detection channel is superior in identifying the presence of CNO, so we have elected to examine the SK IBD signal due to its ability to measureν e in isolation. For all analyses we conduct, event rates are calculated fixing the separation distance between Earth and the CCSN to d = 10 kpc. Figure 7 shows the results for the total event rate for IBD in Super-Kamiokande on the left panel and the total event rate for ν e − 40 Ar capture in DUNE, on the right. Please note that because we chose to bin snapshots more closely near the onset and end of the CNO epoch, the inter-snapshot spacing of data points in Figure 7 is not necessarily equal to the integration time used to calculate the event rate, which is 50 ms. From the total event rates alone, it is clear that the onset of CNO can be detected through the divergent trends in the event rates of both experiments. When the Z9.6 simulation neutrino emission is modified by matter effects alone, the event rates for ν e andν e trend together after the passage of the neutronization burst. However, there is a clear divergence in the relative event rates for ν e vsν e when CNO is included, with a significant increase in ν e capture in LAr contemporaneous with a significant decrease inν e capture in inverse beta decay. This relative shift in the event rates continues for the entirety of the CNO epoch, before the total event rates in both experiments abruptly return to trending together at t pb = 170 ms. The total event rate in LAr does not show any significant difference between the 'no halo' and 'with halo' cases, while the total events received during the CNO epoch for Super-Kamiokande are reduced an addition 10% when including the halo in CNO calculations.
Of course, the total event rate omits all of the information contained in the energy distribution of the observed signals for our proxy detectors. We might also consider measures which are sensitive to the energy dependence of ν e andν e events. To this end we introduce the "Hardness Ratio," R H/L , which splits the event rates in each detection channel into two bins with detected neutrino energies above and below a cutoff energy, E C = 15 MeV. This gives,
with a distinct R H/L for each detection channel from which we consider. Figure 8 shows the Hardness ratio for inverse beta decay detection at Super-Kamiokande on the left panel and the right panel shows the Hardness ratio for ν e − 40 Ar capture detection at DUNE. Much like the total event rates during this epoch of the CCSN explosion, the spectral hardness of ν e andν e are expected to trend together during this period of the Z9.6 CCSN. R H/L gradually increases for both detection channels as the proto-neutron star at the core of the explosion cools from neutrino emission, causing the spectra of all emitted neutrinos to stiffen. With the onset of CNO we see that again the behavior of simultaneously divergent trends, this time for in R H/L in both detection channels. However, the shifts in the Hardness ratio are less statistically significant than the CNO induced shifts in the total event rate. Likewise, there is very little distinction between the 'no halo' and 'with halo' cases for the R H/L ratio.
To restore as much of the shape information as possible to our predicted signals from the Z9.6 simulation, we have performed a basic ∆χ 2 hypothesis test on the received event distributions (assuming a uniform ∆E = 4 MeV for energy bins between 0 − 60 MeV and 50 ms integrated observing time), taking the 'no CNO' case as the null hypothesis for each channel. This will give us a measure of the raw statistical potential to extract information from the CNO epoch of the Z9.6 signal.
Shown in the left panel of Figure 9 are the results for the inverse beta decay channel in Super-Kamiokande and results for ν e − 40 Ar capture detection at DUNE are shown in the right panel. These two figures illustrate the importance of including the halo neutrinos in CNO calculations. Typically, although not uniformly, CNO signals are more easily discriminated from non-CNO signals when halo neutrinos are accounted for in both Super-Kamiokande and DUNE. For the Z9.6 CCSN simulation, the effect is much more pronounced in SuperKamiokande, where there is a ∼ 60% increase in ∆χ 2 integrated over the CNO epoch. Although we do not attempt to make a detailed spectral reconstruction from the received signals in Super-Kamiokande and DUNE, both panels of Figure 9 taken together indicate that the spectral shape of the CNO signal is more easily discriminated from thermal neutrino emission when halo neutrinos are included in CNO calculation. Put another way, because previous studies have omitted halo neutrinos in their CNO calculations, their predictions for extracting meaningful signals from a supernova neutrino burst are likely to have been overly pessimistic with regard to strength of CNO signals.
The reason that the halo neutrinos tend to increase predictions of the CNO signal strength relative to calculations which omit halo neutrinos is straight forward. In the absence of coherently enhanced elastic scattering, the ν − ν contribution to Equation (2) is roughly ∝ (R ν /r) 4 . Because the elastic scattering which populates the halo spreads neutrinos out to trajectories which have wider intersection angles while conserving their overall numbers, the ν − ν contribution to Equation (2) which includes the halo is softer than ∝ (R ν /r) 4 . This softening leads to a larger scale height for the ν − ν potential and results in moderately more adiabatic conditions for CNO. Increasing the adiabaticity of CNO leads to sharper spectral features in the neutrino energy distribution. An example of this can be seen clearly in the top panels of Figure 6 , where the spectral swap between ν e − ν y is greatly sharpened by the inclusion of the halo neutrinos in the CNO calculation.
IV. CONCLUSIONS
We have made the first multi-angle calculation of neutrino flavor evolution in the iron-core collapse supernova environment which includes the population of neutrinos scattered into the wide angle halo. We have shown that there are qualitative and quantitative consequences for resulting neutrino oscillation signatures, relative to CNO calculations which omit the halo neutrinos. We have shown that these changes have implications for the detectability of CNO in a CCSN neutrino burst signal.
The physical circumstances which proceed from the evolution of the explosion of the Z9.6 progenitor star produce an environment which is conducive to calculating CNO with the inclusion of halo neutrinos. Multi-angle suppression of neutrino flavor transformation deep within the envelope is present both prior to t pb = 70 ms and after t pb = 170 ms, while CNO is unsuppressed for the intervening 100 ms. That window of time coincides with the epoch of time wherein the explosion shock front has not yet grown outward to the initial radius of collective neutrino flavor conversion. The relatively low radius of the shock creates a neutrino halo which is predominantly outward directed during the epoch of CNO, to the extent that the inward directed neutrino flux is found to be a sub-leading order contribution to the flavor changing Hamiltonian. This enables the multi-angle calculation of CNO for the outgoing flux of neutrinos during this window of time.
Comparing the results of our CNO calculations with those which omit the halo neutrino population, as well as those which omit CNO entirely, has yielded important results. Firstly, we find that the onset of the CNO epoch in the neutrino burst signal is clearly distinguishable from thermal emission. We also find that redistribution of neutrinos to wider emission trajectories via coherently enhanced neutral current nucleus scattering produces CNO evolution which is more adiabatic than one would predict when omitting the halo population. This changes the development of the spectral swap features which are hallmarks of CNO signals, reducing the effects of collective flavor oscillation decoherence, shifting spectral swap energies, and increasing the sharpness of swap transitions. Importantly, we find that detected CNO signals tend to be more clearly distinguished from thermal emission when including the halo neutrinos.
Looking forward we are hopeful for the detection of CNO signals from terrestrial neutrino detectors in the event of a galactic CCSN. Our results show that the neutrino halo, which is a generic phenomenon common to all CCSNe, tends to enhance the non-thermal features of CNO signals, potentially rendering them more easily detectable. Conversely, this raises the possibility that previous studies which omit the presence of halo neutrinos in CNO may be overly pessimistic in their calculations of the detectability of CNO signals. While our study here is a narrow sampling of the potential variety of neutrino burst signals from CCSNe, it suggests that the observational opportunities for studying CCSNe through neutrino messengers is richer than previously imagined. 
